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BACKGROUND OF THE INVENTION 



Field of the Invention 

This invention relates to the purification and use of a novel family of 
fibrinogenolytic proteases. Specifically, this invention relates to a fibrinogenolytic 
protease which possesses a strong beta-fibrinogenolytic activity and does not cause 
formation of fibrin clots, known effects associated with thrombin and thrombin-like 
proteases of snake venom. In addition, the fibrinogenolytic proteases of the present 
invention exhibits anti-clotting and antihypertensive effects on experimental animals. 
Description of the Related Art 

Venoms from various snake species alter the haemostatic and blood 
coagulation systems of human victims or experimental animals in a complex manner. 
Different venoms contain multiple components which behave as either pro- or anti- 
coagulants that directly or indirectly induce or inhibit fibrinogen and/or platelet 
aggregation and related complex biochemical processes, resulting in common clinical 
complications of blood clotting or uncontrolled hemorrhage by envenomation of 
snakebites [Ouyang, C. (1957) J. Formosan Med. Assoc. 56, 435-448; Meaume, J. 
(1966) Toxicon 4, 25-58; and Kini, R. M., and Evans, H. J. (1990) Toxicor 28, 
1387-1422.] These apparently contradicting activities have been attributed to the 
presence of fibrinogenolytic or fibrinogen clotting enzymes in snake venoms 
[Brinkhous, K. M., and Smith, S. V. (1988) in Hematology, Haemostasis and Animal 
Venoms (Pirkle, H. and Markland, F. S., Jr., Eds.) Vol. 7, pp. 363-375, Marcel 
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Dekker, New York; Stocker, K. F. (1990) in Medical Use of Snake Venom Proteins 
(Stocker, K. F., Ed.) pp. 97-160, CRC Press Boston, MA; and Tu, A. T. (1982) In 
Rattlesnake Venoms: Their Actions and Treatment (Tu, A. T., Ed.), pp. 247-312, 
Marcel Dekker, New York.] On the other hand, platelet-aggregating enzymes in 
venom generally lack fibrinogenolytic activity, but can directly aggregate platelets in 
platelet-rich plasma [Serrano, S. M. T., Mentele, R., Sampaio, C. A. M., and Fink, 
E. (1995) Biochemistry 34, 7186-7193.] Current interest is directed to some 
fibrinolytic proteinases including metalloproteinases and thrombin-like enzymes 
because of their potential clinical application in the treatment of vascular thrombotic 
diseases [Markland, F. S. Jr. (1998) Thromb. Haemost. 79, 668-674.] 

It is well known that snake venoms contain complex mixtures of 
pharmacologically active peptides and proteins. Reptilian venoms, particularly those 
obtained from the snake families of Crotalidae and Viperidae, are also shown to 
possess many different fibrinogenolytic proteases which may initiate or affect blood 
coagulation process associated with snakebites [Tu, A. T. (1982) In Rattlesnake 
Venoms: Their Actions and Treatment (Tu, A. T., Ed.), pp. 247-312, Marcel 
Dekker, New York.] Different researchers reported disparate proteases from venoms 
of various crotalid snakes. They included crotalase, a thrombin-like enzyme isolated 
from the American-Eastern diamondback rattlesnake (Crotalus adamanteus) 
[Markland, F. S., and Damus, P. S. (1971) J. Biol. Chem. 246, 6460-6473], 
hemorrhagic toxins, anticoagulant proteases and kallikrein-like enzymes from the 
American- Western diamondback rattlesnake Crotalus atrox [Pandya, B. V., and 



Budzynski, A. Z. (1984) Biochemistry 23, 460-470; Bjarnason, J. B., Barish, A., 
Direnzo, G. S., Campbell, R., and Fox, J. W. (1983) J. Biol. Chem. 258, 12566- 
12573.] Applicant has previously evaluated the venom components from Crotalus 
atrox and found that all fractions isolated from the anion-exchange chromatography 
showed varying extents of specific proteolytic activity against alpha-and/or beta-chains 
of fibrinogen molecules [Chiou, S.-H., Hung, C.-C, and Lin, C.-W. (1992) 
Biochem. International 26, 105-112; Chiou, S.-H., Hung, C.-C, and Huang, K.-F. 
(1992) Biochem. Biophys. Res. Commun. 187, 389-396.] Concurrently, studies on 
the toxin components from Taiwan habu (Trimeresurus mucrosquamatus) [Ouyang, 
C, and Teng, C. M. (1976) Biochim. Biophys. Acta 420, 298-308; Huang, K.-F., 
Hung, C.-C, and Chiou, S.-H. (1993) Biochem. Mol. Biol. International 31, 1041- 
1050; and Hung, C.-C, Huang, K.-F., and Chiou, S.-H. (1994) Biochem. Biophys. 
Res. Commun. 205, 1707-1715.], a major and abundant crotalid species in Taiwan, 
indicated several kinds of fibrinogenases present in this phylogenetically related 
species to those American rattlesnakes. 

Concerning the pharmacological action of Formosan snake venoms on 
blood coagulation, it was reported early in 1921-1925 that the crude venoms of two 
crotalid snake species, Agkistrodon acutus and Trimeresurus gramineus, had a 
coagulant action on whole blood and plasma, while the venom of another species 
Trimeresurus mucrosquamatus of the same family showed an inhibitor) action 
Ouyang, C. (1957) J. Formosan Med. Assoc. 56, 435-448. The inhibitory action on 



blood coagulation was believed to be caused mostly by destruction of fibrinogen in the 
case of the venom of Trimeresurus mucrosquamatus. 

As one object of the present invention, applicant discloses herein a 
family of fibrinogenases isolated from Taiwan habu, which show a specific fibrinogen- 
degrading activity without being associated with any activity causing fibrin clot 
formation. In addition, the type of fibrinogenases posesses an unexpectedly strong 
kallikrein-like hypotensive activity on experimental rats and may find their clinical 
applications in hypertension therapy. 

Another object of the present invention is to develop a new expression 
process to produce snake venom proteins, including those identified fibrinogenases of 
the present invention. Expression and purification of recombinant proteins from host 
organisms are often a critical and time-consuming task in achieving the goal of 
obtaining pure and large quantities of proteins from recombinant sources [Uhlen, M., 
and Moks, T. (1990) Methods Enzymol. 185, 129-143.] Facile removal of 
contaminant expression proteins is essential to accurate characterisation of functional 
properties of a cloned protein. The most common solution to this problem is to 
engineer the expressed protein product so as to contain additional amino acid residues 
which give a unique property to the protein of interest that can be exploited for 
purification purposes. Such a strategy would greatly increase the availability of 
recombinant proteins for further structural and functional study. The protein with 
those additional amino acid residues can generally bind to transition metal ions, 
thereby allowing the protein to be purified using immobilized metal ion affinity 



chromatography ("IMAC") [Porath, J., Carlsson, J., Olsson, L, and Belfrage, G. 
(1975) Nature 258, 598-599.] In this method a specific chelating peptide can be 
cloned onto the amino terminus ("N-terminus") of a recombinant protein to serve as a 
purification tag or handle [Smith, M. C, Furman, T. C, Ingolia, T. D., and 
Pidgeon, C. (1988) J. Biol. Chem. 263, 7211-7215] and subsequently purified by 
using IMAC. 

Recent advance in recombinant DNA technology has allowed in vitro 
fusion of genes or gene fragments in a simple and predictable manner. There are 
several reasons to use gene fusion for expression of recombinant proteins in 
heterologous hosts. In particular, a more reliable and reproducible method to obtain a 
native protein might be to use in vitro cleavage of the fusion protein, as compared to 
in vivo removal of the formyl-methionine or cleavage of a signal peptide, which in 
both cases may yield a heterogeneous N-terminus. Many expression vectors currently 
used to encode, encoding a protease cleavage site that allows release of carboxyl- 
terminal ("C-terminal") fusion partners from fusion proteins without leaving unwanted 
amino-terminal ("N-terminal") amino acid residues behind. In snake venom protein 
expression system, removal of the upstream fusion partners has been conducted with 
one of the three different proteases, including thrombin (Maeda. M., Satoh, S., 
Suzuki, S., Niwa, ML, loth, N., and Ya-mashina, I. (1991) J. Biochem. (Tokyo) 109, 
632-637; Rosenthal, J. A., Levandoski, M. M., Chang, B., Potts, J. F., Shi, Q.L., 
and Hawrot, E. (1999) Biochemistry 38, 7847-7855), factor Xa (Rosenthal, J. A., 
Hsu, S. H., Schneider, D., Gentile, L. N., Messier, N. J., Vaslet, C. A., and 



Hawrot, E. (1994) J. Biol. Chem. 269, 11178-11185; Zhang, Y., Wisner, A., 
Maroun, R. C, Choumet, V., Xiong, Y., and Bon, C. (1997) J. Biol. Chem. 272, 
20531-20537), and enterokinase (Moura-da-Silva, A. M., Linica, A., Della-Casa, M. 
S., Kamiguti, A. S., Ho, P. L., Crampton, J. M., and Theakston, R. D. (1999) Arch. 
Biochem. Biophys. 369, 295-301). However, with a serine protease (Tm-5) from 
Taiwan habu (Trimeresurus mucrosquamatus) (Hung, C.-C, Huang, K.-F., and 
Chiou, S.-H. (1994) Biochem. Biophys. Res. Commun. 205, 1707-1715), applicants 
repeatedly encountered difficulties in removing the attached N-terminal polyhistidine 
tag due to the inability of the commercial enterokinase to cleave efficiently the desired 
product from the expressed fusion venom protein. There is therefore a need for a 
different expression system for producing venom proteases. 



6 



SUMMARY OF THE INVENTION 
These and other objects are attained by the present invention which 
provides two venom proteases showing a strong kallikrein-like hypotensive activity, 
potentially useful in hypertension therapy. The present invention also provides a new 
expression system to produce the aforementioned venom proteases using modern 
biotechnology. 

In the present invention, two serine proteases Tm-VIG and Tm-IIG, 
isolated and purified from the venom of Taiwan habu, are shown to have strong anti- 
clotting and hypotensive effects on experimental animals without being associated with 
any activity that promote formation of fibrin clots. Tm-VIG is so named because its first 
three N-terminal residues are Val-Ile-Gly while Tm-IIG has Ile-Ile-Gly at the N- 
terminalus. The isolation and purification are conducted according to applicant's previous 
disclosure in Biochem. Mol. Biol. Int. 31, 1041-1050 (1993). The content of that 
publication is incorporated herein by reference in its entirety. 

Purified Tm-VIG and Tm-IIG show strong beta-fibrinogenolytic activity, 
cleaving beta-chain of fibrinogen molecules specifically. They also show strong 
kallikrein-like activity in vitro, releasing bradykinin from kininogen, but do not coagulate 
human plasma. Thus, they can decrease fibrinogen levels in plasma and prolong bleeding 
time without causing formation of fibrin clots, indicating that their specificity is different 
from thrombin and thrombin-like proteases from snake venoms previously known. 
Furthermore, these two proteases has a higl^thermal stability than ancrod and thrombin. 
In rats, intravenous injection of either of the two proteases has the effect of lowering 



blood pressure. It is noted that these proteases can cleave angiotensin I and release 
bradykinin from plasma kininogen in vitro, which is a strong vasodilator and probably 
responsible for the observed in vivo hypotensive effect. 

Thus, the present invention discloses a method of using snake venom to 
treat hyertension in animals and human subject. Although various snake venom 
components have been isolated and purified, to applicants' knowledge, no one has 
taught or suggested the use of a component from snake venom to treat hypertension. 

As another object of the present invention, a method of relatively large- 
scale production of venom proteases useful in hypertension therapy is provided using a 
protein expression system. Instead of using the conventional enterokinase recognition 
site, an autocatalytic site is used, based on cleavage specificity of the serine protease, 
such as TM-VIG and TM-HG, for post-expression removal of the poly his tidine tag. 
Genetic engineering is performed so that the autocatalytic site flanks on the 5' -end of the 
protease gene. Renaturation of the expressed ftision protein showed that the recombinant 
protease had refolded successfully from the inclusion bodies. Upon autocleavage, the 
polyhistidine tag with additional amino acid residues appended to the N-terminus of the 
coding sequence is found to be removed completely. Characterization of the final enzyme 
produced by the method of the present invention demonstrates that the enzyme is 
indistinguishable to the one purified from native sources. For example, the recombinant 
enzyme of the present invention cleaves N-benzoyl-Pro-Phe-Arg-p-nitroanilide, a unique 
and strict substrate for native Tm proteases reported previously. 
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The various features of novelty which characterize the invention are 
pointed out with particularity in the claims annexed to and forming a part of the 
disclosure. For a better understanding of the invention, its operating advantages, and 
specific objects attained by its use, reference should be had to the drawing and 
descriptive matter in which there are illustrated and described preferred embodiments of 
the invention. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1. N-terminal extension sequences of various gene constructs and 
their corresponding amino acid sequences. They are composed of the N-terminal 
coding sequence for the venom protease (underlined), the recognition site of 
enterokinase or the autolytic sites of Tm-VIG (boldface), and BamHI site (italicized) 
plus an initiating sequence (MRGS) from the expression vector. The dashed lines 
indicate identical sequence segments to those of sequences 1 and 2. N-terminal 
extension sequences 1 to 6 are herein identified as SEQ ID 1 to 6. 

FIG. 2. Purification of recombinant Tm-5 with histidine tag and 
tripeptide (Phe-Leu-Arg) extension by reversed-phase HPLC. The unfolded and 
refolded recombinant proteins isolated from His-tagged affinity resin were applied to a 
reversed-phase C4 column. The HPLC was run in a linear gradient of 10-75% solvent 
B (95% acetonitrile containing 0.1% trifluoroacetic acid (TFA)) with 5% 
acetonitrile/0.1% TFA (solvent A) as the starting and equilibration eluent. The flow 
rate of column eluates was set at 1 ml/min and monitored at UV 280 nm. Arrows 
indicate the unfolded rTm-5 (A) and refolded rTm-5 (B) proteases. 

FIG. 3. The mass spectra of recombinant Tm-5 proteases as determined 
by electrospray ionization mass spectrometry. The molecular ions of unfolded (A) and 
refolded (B) from HPLC were detected with masses of 27233 and 25399 Da. 

FIG. 4. Immunoblot screening of expressed recombinant venom 
proteases. The gels were subjected to electroblotting onto a nitrocellulose membrane 
after SDS-PAGE followed by immunological analysis using rabbit polyclonal antibody 
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against native Tm-VIG. Lane M, prestained standard protein markers, with 6 arrows 
on the left side showing the positions of markers; lane U, unfolded recombinant Tm-5; 
lane F, refolded recombinant Tm-5. 

FIG. 5. Enzyme activity assays of recombinant Tm-5 on synthetic 
substrates. Activity was measured by using chromogenic substrates for rTm-5. Line 1, 
0.1 mM N-benzoyl-Pro-Phe-Arg-pNA and 0.2 /xg (0.1 nM) enzyme; line 2, 0.3 mM 
N-benzoyl-Phe-Val-Arg-pNA and 0.4 /xg enzyme (0.2 nM); line 3, 0.3 mM N-p- 
tosyl-Gly-Pro-Arg-pNA and 0.4 fxg enzyme (0.2 nM); line 4, 0.3 mM N-p-tosyl-Gly- 
Pro-Lys-pNA and 0.4 fig enzyme (0.2 nM). Proteolytic activities using chromogenic 
substrates were measured on a spectrophotometer at 405 nm. 

FIG. 6. Time-course study of fibrinogenolytic activity of purified 
proteases (Tm-VIG and Tm-IIG) on SDS-PAGE. Lane F, purified fibrinogen in the 
absence of proteases, the three subunit chains are a, p and y chains of fibrinogen 
respectively from the top end downwards; Lane S, standard molecular mass markers (in 
kDa): phosphorylase b (94), bovine serum albumin (66), ovalbumin (45), carbonic 
anhydrase (30), soybean trypsin inhibitor (20), and ct-lactalbumin (14). Lanes with 
indicated numbers 5-120 denote time-course digestion of fibrinogen with purified 
proteases Tm-VIG (top) and Tm-IIG (bottom) at 37 C for 5, 10, 15, 20, 30, 60, 90 
and 120 min, respectively. Note that the proteases show specific cleavages first on p 
and then a chains with y chain relatively resistant to digestion. 

FIG. 7. HPLC chromatograms of angiotensin I cleavage induced by 
Tm-VIG and Tm-IIG. Chromatography was analyzed by HPLC (Bio-Rad Bio-Sil 
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ODS-5S Ci8 column, 4 x 250 mm). The HPLC was run for 35 min in a linear 
gradient of 0-75% solvent B (95% acetonitrile containing 0.1% trifluoroacetic acid 
(TFA)) with 5% acetonitrile/ 0.1% TFA (solvent A) as the starting and equilibration 
eluent. The flow rate of column eluates was set at 1 ml/min. Each chromatogram 
represents angiotensin I alone (A) and angiotensin I digested with Tm-VIG (B) or Tm- 
IIG (C). The labeled peaks indicate 4 major proteolytic fragments by digestion. 

FIG. 8. Time-course study of kallikrein-like activity of venom proteases 
on SDS-PAGE. High molecular-weight kininogen (114 kDa) was incubated with 
plasma kallikrein or Tm-VIG (Top, left to right), and Tm-IIG or Ancrod (Bottom, left 
to right) at 37 C for 15, 30, and 60 min, respectively. Arrows a and b indicate a 58 
kDa light-chain fragment and a 45 kDa modified light-chain fragment formed after 
cleavage with plasma kallikrein. Lane S, standard high-molecular-mass markers (in 
kDa): myosin (212), P-galactosidase (116), phosphorylase b (94), bovine serum 
albumin (66), catalase (57), and aldolase (40). 

FIG. 9. Effect of temperature on the activity of purified fibrinogenolytic 
proteases, ancrod and human thrombin. Activity was measured by using 0.1 mM N- 
benzoyl-Pro-Phe-Arg p-nitroanilide as substrate for Tm-VIG and Tm-IIG, and 0.1 
mM N-p-tosyl-Gly-Pro-Arg p-nitroanilide for ancrod and thrombin due to different 
substrate specificities among these proteases. Percent activity at different temperatures 
with reference to that at the ambient room temperature (100%) was compared for 
these four proteases. The proteolytic activities using synthetic chromogenic substrates 
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were measured on a spectrophotometer at 405 nm. Data are presented as mean SEM 
(n = 3). 

FIG. 10. Effect of kallikrein-like Tm proteases on apparent fibrinogen 
concentration in plasma measured with a coagulometer. The samples from human 
Control Plasma N were mixed with various concentrations of venom proteases. Values 
are given as percent of original fibrinogen concentration measured in the absence or 
presence of venom proteases using the Control Plasma N solution without protease as 
reference. Data are assayed in triplicate measurements. 

FIG. 11. Effect of kallikrein-like Tm proteases on tail bleeding time in 
mice by a filter paper method. Bleeding time was measured 5 min after the 
intravenous administration of saline or various doses of proteases. Data are presented 
as mean SEM (n = 6), with significance levels at *P < .05 or **P < .01 as 
compared with the control. 

FIG. 12. Hypotensive effect on rat blood pressure of kallikrein-like Tm 
fibrinogenases from Taiwan habu. (A) Blood pressure change after intravenous (i.v.) 
injection with normal saline; (B) Blood pressure change after i.v. injection of Tm-VIG 
(0.5 ^g / g weight); (C) Blood pressure change after i.v. injection of Tm-IIG (0.5 fig I 
g weight). Arrows indicate starting points for sample injections. Note that Tm-IIG 
seemed to show a lower hypotensive activity than Tm-VIG under similar experimental 
conditions. 
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DETAILED DESCRIPTION OF THE PRESENTLY PREFERRED EMBODIMENTS 



Expression and purification of Tm-5 protease is outlined below and 
further detailed in S.H. Chiou et al., Biochemical and Biophysical Research and 
Communications 275, 924-930 (2000), the contents of which is incorporated by 
reference. 

Gene fusion systems used to facilitate protein purification. 

We have adopted the strategy of Smith, M. C, Furman, T. C, Ingolia, 
T. D., and Pidgeon, C. (1988) J. Biol. Chem. 263, 7211-7215 of attaching an N- 
terminal polyhistidine tag to facilitate the affinity purification using immobilized metal 
ion affinity chromatography (IMAC) [Porath, J., Carlsson, J., Olsson, L, and 
Belfrage, G. (1975) Na-ture 258, 598-599.] However, in the final stage of removing 
the poly-histidine tag plus an N-terminal extension of pentapeptide (Asp)4-Lys by site- 
specific enterokinase, difficulties often arise due to the inability of obtaining clean 
cleavage of the attached affinity tag by the enzyme. In order to circumvent the 
difficulty encountered in the expression and purification of the recombinant products 
in E. coli system, we have developed a novel strategy to facilitate the removal of 
attached tags. For the expression and refolding of recombinant Tm-5 (rTm-5) in 
bacteria we made a synthetic fusion construct in E. coli expression vector pQE30, 
which contained the coding region for initiation translation peptide (Met-Arg-Gly- 
Ser), followed by a polyhistidine tag with a stretch of six histidines, a protease 
recognition site for an N-terminal extension of pentapeptide (Asp)4-Lys or an N- 
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terminal extension of tripeptides (Fig. 1) designed for autolytic cleavage by the 
expressed protease, and ending with a sequence coding for rTm-5. 

Expression and purification of recombinant Tm-5 protease. 

The recombinant Tm-5 fusion protein was overexpressed in E. coli 
upon induction with IPTG. The expressed product was generated in a form of 
inclusion body with limited solubility. The polyhistidine tag facilitated purification of 
the rTm-5 fusion protein from the cell lysate in denaturation buffer containing 8 M 
urea by immobilized nickel ion affinity chromatography (IMAC, NiNTA resin). The 
refolding at the stage with fusion protein containing the polyhistidine tag followed by 
autolytic release of rTm-5 by the expressed protease was found to be more efficient 
than the original protocol of refolding the released product of rTm-5 polypeptide from 
the fusion protein cleaved by enterokinase (Rosenthal, J. A., Hsu, S. H., Schneider, 
D., Gentile, L. N., Mess-ier, N. J., Vaslet, C. A., and Hawrot, E. (1994) J. Biol. 
Chem. 269, 11178-11185). In addition, we have also found that enterokinase can 
degrade unfolded polypeptide randomly before refolding (data not shown). The 
denatured and unfolded rTm-5 eluted from the NiNTA resin was then injected onto a 
C4 column. The elution profile (Fig. 2) showed that the unfolded rTm-5 was eluted 
later in the gradient than the refolded rTm-5. The eluted samples purified from HPLC 
were then analyzed by ESI-MS. The unfolded and refolded proteases were detected 
with masses of 27233 and 25399 Da, respectively (Fig. 3). The result clearly indicated 
that the fusion partner (an estimated mass of 1832 Da), including the His-tag appended 
to the N-terminus of the rTm-5 sequence, had been removed successfully. 
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Immunoblot analysis of recombinant Tm-5 protease. 

The predicted molecular mass of the mature Tm-VIG is about 25 kDa 
based on the deduced protein sequences of cDNA clones, which is lower than 30 kDa 
estimated by SDS-gel electrophoresis under reducing conditions. It is noteworthy that 
molecular-weight estimations by SDS-PAGE were slightly different between two 
forms. However, both the unfolded and refolded rTm-5 proteases can cross-react with 
a polyclonal rabbit anti-Tm-VIG antibody by using immunoblot analysis (Fig. 4). 

N-terminal sequence analysis. 

N-terminal sequence analysis of various refolded rTm-5 proteases with 
different N-terminal extension peptides corroborated that these proteases had removed 
histidine-tagged fusion peptides by autolytic cleavage from recombinant rTm-5 fusion 
proteins (Table 1). All designed N-terminal extension peptides were cleaved to yield 
the correct N-termini (VIGGDE) for this refolded recombinant protease except fusion 
proteins containing Pro-Phe-Arg and Leu-Phe-Arg extension peptides, which produced 
one extra N-terminus due to unexpected double cleavages by the expressed protease. 

Substrate specificity of expressed recombinant Tm-5 proteases. 

In previous studies of activity assays for expressed proteases, we found 
that expressed products with intact histidine-tag and the attached pentapeptide 
possessed similar proteolytic activity to that of the native Tm-VIG enzyme using 
chromogenic substrates (data not shown). In this study, expressed recombinant 
proteases with removal of attached fusion peptides by autolysis were found to show 
similar activity to native venom proteases, both groups cleaving efficiently p- 
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nitroanilide from several synthetic peptide substrates. As shown in Fig. 5, N-benzoyl- 
Pro-Phe-Arg p-nitroanilide, a specific substrate for kallikrein, was most susceptible to 
hydrolysis by rTm-5 (line 1 of Fig. 5). However, D-Val-Leu-Lys p-nitroanilide which 
is a substrate for plasmin was shown to be a poor substrate for rTm-5 (line 4 of Fig. 
5). Enzyme activity assays of refolded recombinant protease rTm-5 using N-benzoyl- 
Phe-Val-Arg-pNA and N-p-tosyl-Gly-Pro-Arg-pNA (lines 2 and 3 of Fig. 5), both 
being substrates of thrombin, exhibit intermediate activity. 

To our knowledge this is the first disclosed design of nonconventional 
extension peptides coupled with autolysis of a specific venom protease to obtain a 
functional recombinant product free of histidine-tag and fusion peptides. 

MATERIALS AND METHODS 

Materials. The synthetic substrates were from Sigma Chemical Co. (St. 
Louis, MO). Restriction endonucleases, pfu polymerase and isopropyl-p-D- 
thiogalactoside (IPTG) were obtained from Promega (Promega Corp., Madison, WI). 
Antibodies directed against kallikrein-like fibrinogenolytic enzymes were purified 
from a rabbit antiserum, obtained by immunization with Tm-VIG from Taiwan habu 
(Hung, C.-C, Huang, K.-R, and Chiou, S.-H. (1994) Biochem. Biophys Res. 
Commun. 205, 1707-1715). 

Construction of recombinant Tm-5 expression plasmids. Polymerase 
chain reaction was employed to construct a recombinant protease corresponding to 
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Tm-5 clone. Oligonucleotide A, a 39-mer (5'- 

nr^^rrrOATGACGATGACAAA GTCATTGGAGGTGATG ) for Tm-5 clone 
containing the enterokinase recognition site (boldface) and oligonucleotide B, a 33-mer 
(S ' -GCGGA 7T7CXXXXXXXXX- GTC ATTGGAGGTG ATG ) for Tm-5 clone 
containing the autolytic recognition site (boldface XX-) were synthesized. They both 
include the N-terminal coding sequence (underlined), and BamHI site (italicized). 

Oligonucleotide C, a 26-mer (5'- 

GCCTGCA GTC A CAGGGGGCAGGTTAC) was complementary overlapped with 
the C-terminal end of Tm-5, which contained the PstI site (italicized) linked to the 
translational stop codon (boldface) at the C-terminal end of the coding region 
(underlined). 

Expression and purification of recombinant Tm-5 protease. A 
nucleotide segment coding for one of the Tm proteases (Tm-5) was synthesized by 
amplifying Tm-fibrinogenase open reading frame of the cDNA clone Tm5 using two 
primers designed for introducing cleavage sites for BamHI and PstI plus a 6x His tag 
and an N-terminal extension of pentapeptide (Asp)4-Lys, or an N-terminal extension 
of tripeptides designed for autolytic cleavage by the expressed protease. This PCR- 
synthesized nucleotide segment was cloned in-frame into the BamHI/PstI sites of the 
E. coli expression vector pQE30 (Qiagen GmbH, Hilden, Germany). The deduced 
expressed N-terminal sequences are shown in Fig. 1. Recombinant plasmkls were 
identified by BamHI/PstI analysis and clones containing the correctly sized insert were 
sequenced. For induction of gene expression, E. coli M15 cells containing 
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recombinant plasmids were grown at 37 °C in one liter of LB medium containing 25 
/xg /ml kanamycin and 100 /xg /ml ampicillin. When the A600nm of the growing 
culture reached 0.7, IPTG was added to a final concentration of 2 mM. The culture 
was induced for a period of up to 4 h. 

Purification of histidine-tagged recombinant Tm-5 protease. Culture 
containing IPTG-induced cells (1000 ml) was centrifuged and the pellet was 
resuspended (5 ml per gram) in denaturation buffer (8 M urea, 0.5 M NaCl, 0.02 M 
Tris/HCl, pH 8.0). The lysed cells were stirred for 1 h at room temperature. The 
suspension was then centrifuged at 10,000g for 15 min at 4°C. The supernatant of 
centrifuged lysate was then loaded onto a 4 ml nickel nitrilotriacetic acid (NiNTA) 
resin packed column (Qiagen GmbH) preequilibrated with denaturation buffer and 
washed with washing buffer (40 mM imidazole in denaturation buffer) followed by 
elution buffer (1 M imidazole in denaturation buffer). The desired fusion proteins 
were analyzed by SDS-PAGE and Western blot analysis. 

Immunoblot analysis of the expressed recombinant protease. 

SDS-polyacrylamide slab gel (5% stacking/15% resolving gel) elec- 
trophoresis (SDS-PAGE)) was routinely carried out as described (Laemmli, U. K. 
(1970) Nature 227, 680-685). For immunoblot screening of expressed Tm-5 protease, 
the gel was subjected to electroblotting onto a nitrocellulose membrane after SDS- 
PAGE followed by using a polyclonal rabbit anti-Tm-VIG antibody (Hung, C.-C, 
Huang, K.F., and Chiou, S.-H. (1994) Biochem. Biophys. Res. Commun. 205, 
1707-1715) as primary antibody and reacted with peroxidase-conjugatcd goal anti- 
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rabbit IgG + IgM (H + L) (Jackson Immuno-Research Laboratories, West Grove, 
PA). A color development reaction was carried out using diaminobenzidine and 
hydrogen peroxide. 

Characterization of recombinant Tm-5 protease. The His-tagged Tm~ 
fusion protein eluted from Ni-NTA resin was diluted with 50 mM Tris, pH 8.0, buffer 
containing 5 mM cysteine-HCl to a final protein concentration of 0.01-0.05 mg/ml. 
The refolding process was allowed to proceed at room temperature and was monitored 
by assaying the amidolytic activity of recombinant Tm-5 on chromogenic substrate N- 
benzoyl-Pro-Phe-Arg-pNA. The refolded fusion protein was concentrated in an 
Amicon cell concentrator with constant stirring under nitrogen pressure and purified 
further on a Sephadex-G 75 (Pharmacia, Uppsala, Sweden) column, peaks with 
activity were collected and purified by FPLC (fast performance liquid chromatog- 
raphy) in a Mono Q (HR 5/5) column with Amersham/Pharmacia Biotech equipment 
(Pharmacia, Uppsala, Sweden). Eluted proteins purified from the last step were 
treated (i) with enterokinase in 50 mM Tris, pH 7.5 to remove His-tag and N-terminal 
extension of pentapeptide (Asp)4-Lys, or (ii) without enterokinase, i.e., autolytic 
cleavage of histidine tag and the attached N-terminal extension tripeptides by the 
expressed protease. The concentration of Tm-5 venom protease was determined by the 
Bio-Rad protein assay kit. 

Chromogenic assays. The enzyme activity of expressed venom 
proteases was determined by using chromogenic substrates. The amidolytic activity 
towards the chromogenic substrates was measured with a Uhrospec 4000 



20 



spectrophotometer (Amersham/Pharmacia) in a plastic cuvette with 1-cm path length. 
Assays were performed in 50 mM Tris-HCl, pH 8.0, in a total volume of 750 /*! at 
37°C. The final concentration of enzymes varied from 1.0 to 2.0 nM and that of the 
chromogenic substrates from 0.1 to 0.3 mM. The formation of p-nitroaniline was 
monitored at 405 nmasa function of time. 

N-terminal amino acid sequence analyses. The unfolded or re-folded 
recombinant Tm-5 protease purified from His-tagged affinity resin was applied to a 
reversed-phase HPLC (Vydac C4 column, 4.6 x 250 mm). The HPLC was run in a 
linear gradient of 10-75% solvent B (95% acetonitrile containing 0.1% trifluoroacetic 
acid (TFA)) with 5% acetonitrile/0.1% TFA (solvent A) as the starting and 
equilibration eluent. The flow rate of column eluates was set at 1 ml/min and 
monitored at UV 280 nm. Peak fractions were collected and lyophilized. N-terminal 
sequence analysis was carried out by automated Edman degradation with a 
microsequencing sequencer (Model 477A, Applied Biosystems). 

Molecular mass analyses. Expressed Tm-5 recombinant protease was 
dissolved in 50% acetonitrile containing 1% acetic acid to make a final concentration 
of 0.1 /xM. The sample was then analyzed in an LCQ mass spectrometer (Finnigan, 
San Jose, CA) at an infusion rate of 5 fi\ /min. The spectra were analyzed with a 
software (LCQ Bio-Works) from the manufacturer. 

While the above purification method has been described for the Tm- 
VIG enzyme, the purification method can be used to obtained other venom proteases 
including but not limited to Tm-IIG. We have found that purified venom proteases 
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from Trimeresurus mucrosquamatus, denoted Tm, have fibrinogenolytic activity 
making them useful as anti-clotting agents. Additionally, we have found that purified 
venom proteases from Tm also exhibit hypotensive effects. The following outlines the 
characterization of these activities, and is reported in S.H. Chiou et al., Biochemical 
and Biophysical Research Communications 281, 1012-1018 (2001), the contents of 
which is herein incorporated by reference. 

Fibrinogenolytic activity and substrate specificity of Tm-VIG and Tm- 
IIG. Both groups of fibrinogenolytic enzymes, i.e., Tm-VIG and Tm-IIG hydrolyzed 
p chain of fibrinogen within 5 min with relatively lower activity on a chain while y 
chains remained intact even at the end of 120 min (Fig. 6). Tm-VIG and Tm-IIG can 
also cleave p-nitroaniline from several synthetic colored peptide substrates. N- 
benzoyl-Pro-Phe-Arg p-nitroanilide, a specific synthetic substrate for kallikrein-like 
proteases was most susceptible to hydrolysis by Tm-VIG and Tm-IIG. They also 
showed relatively high activities towards N-p-tosyl-arginine methyl ester (TAME), 
indicating that both groups are members of serine proteases family. However D-Val- 
Leu-Lys p-nitroanilide which is a specific substrate for plasmin was demonstrated to 
be a very poor substrate for these two types of fibrinogenases (unpublished results), 
attesting to some distinct features of these fibrinogen-digesting proteases as compared 
with conventional serine proteases involved in the process of blood coagulation. 

Incubation of angiotensin I with these two venom proteases resulted in 
similar degradation patterns. The four major peptide fragments released by specific 
cleavage on angiotensin I with Tm-VIG and Tm-IIG as determined from amino acid 
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compositions of these peptide fragments are as follows: His-Leu, Asp-Arg-Val-Tyr, 
Ile-His-Pro-Phe, and Asp-Arg-Val-Tyr-Ile-His-Pro-Phe (corresponding to four major 
peptide peaks in Fig. 7). This would indicate that these two proteases act on the same 
sites in angiotensin L In addition, when kininogen was incubated with purified Tm- 
VIG or Tm-IIG, the disappearance of kininogen coupled with the formation of the 
major degradation protein fragment of 58 kDa chain is very similar to that observed 
for human kallikrein (Fig. 8). The kinin released by Tm-VIG and Tm-IIG from 
kininogen was further identified by reverse-phase HPLC. Comparison of the 
fragmentation profiles by mass spectroscopy using synthetic bradykinin as a marker 
standard identified one of the released peptides as bradykinin (data not shown), 
pointing to the fact that these two venom proteases may possess genuine hypotensive 
effect in vivo through bradykinin. 

Stability of purified venom proteases with beta-fibrinogenolytic activity. 
We have carried out thermal stability analysis of Tm-VIG and Tm-IIG by incubating 
these proteases at different temperatures for 30 min and examined the fibrinogenolytic 
activity after heating. It is of surprise to find that these proteases similar to another 
snake venom protease (ancrod) [Burkhart, W., Smith, G. F H . Su, J L.. Parikh, I., 
and LeVine III, H. (1992) FEBS Lett. 297, 297-301; Au, L C , Lin, S. B . Chou, J. 
S., Teh, G. W., Chang, K. J., and Shih, C. M. (1993) Biochem. J. 294, 387-390] 
isolated from Malayan pit viper Calloselasma rhodostoma were heat-stable to about 95 
C. They still maintained their activity at a level of 50-65% activity even after 30 min 
heating at this high temperature whereas human thrombin lost activity completely at 
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about 65 C (Fig. 9). Both proteases are also more stable than various fibrinogenases 
previously identified from American rattlesnake venoms [Chiou, S.-H., Hung, C.-C, 
and Lin, C.-W. (1992) Biochem. International 26, 105-112; Chiou, S.-H., Hung, C- 
C, and Huang, K.-F. (1992) Biochem. Biophys. Res. Commun. 187, 389-396], 
which are also stable only to about 60-65 C. 

Effects of proteases on total clottable fibrinogen and bleeding time. The 
conversion of fibrinogen into fibrin plays an important role in coagulation and 
hemostasis. The final and most defined function of blood coagulation is its effect on 
plasma clottability. Thus the measurement of clottable fibrinogen in plasma has 
become a standard protocol for comparison of effects of various biological factors or 
pharmaceutical agents on the blood clotting process [Gaffney, P. J., and Wong, M. Y. 
(1992) Thromb. Haemostasis 68, 428-432.] We have used the clotting-time 
measurement to determine clottable fibrinogen in plasma after treating with Tm 
proteases. Both venom proteases could prolong clotting times by degrading plasma 
fibrinogens directly. Total clottable fibrinogen levels were decreased after incubation 
with purified Tm-VIG/Tm-IIG for 2 min (Fig. 10). However, the blood clotting 
cannot be induced and clotting-times lengthened indefinitely when the concentrations 
of proteases were higher than 1 /ig, corroborating the strong fibrinogenolytic activity 
associated with these two novel venom proteases. The bleeding times measured after 
surgical transections on tails upon intravenous administration of proteases to mice 
were significantly prolonged in a dose-dependent manner (Fig. 11). It is noteworthy 
that the anti-clotting or bleeding effect of Tm-VIG was significantly stronger than that 
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of Tm-IIG. Similar to clottable fibrinogen assays, the bleeding times were found to 
lengthen to more than 10 min and hemorrhagic side-effects appeared when amounts of 
proteases injection were higher than 5 fig per mouse. Therefore from the in vitro 
clottable fibrinogen assays and in vivo bleeding time measurements, it is conceivable 
that Tm-VIG and Tm-IIG may be directly involved in decreasing the levels of 
fibrinogen in the plasma through defibrinogenation. 

Hypotensive effects of Tm proteases on experimental rats. The 
hypotensive effects of proteases on rat blood pressure were investigated by injecting 
these proteins into cannulated rats. A significant blood pressure drop was observed 
with Tm-VIG injection (Fig. 12). Injection of Tm-IIG showed a milder effect. The 
hypotensive effect exhibited by these venom proteases is likely due to their inherent 
kallikrein-like activity. There is a possibility that Tm-VIG and Tm-IIG may directly 
affect the blood coagulation pathway by specifically cleaving beta chains of animal 
fibrinogens and act like plasma kallikreins to cleave kininogen. This kallikrein-like 
activity is especially intriguing since the reported alpha-fibrinogenases like ancrod did 
not show such a high specificity against kininogen (data not shown). Moreover both 
Tm-VIG and Tm-IIG demonstrated no obvious ability to induce or inhibit platelet 
aggregation, in great contrast with some venom antithrombotic factors reported in the 
literature. 

All references cited herein arc incorporated by reference. 
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